Picrotoxin, an antagonist for ␥-aminobutyric acid receptor subtype A (GABAA), was used to investigate the role of GABAA receptors in nociceptive and nonnociceptive reflex bladder activities and pudendal inhibition of these activities in cats under ␣-chloralose anesthesia. Acetic acid (AA; 0.25%) was used to irritate the bladder and induce nociceptive bladder overactivity, while saline was used to distend the bladder and induce nonnociceptive bladder activity. To modulate the bladder reflex, pudendal nerve stimulation (PNS) was applied at multiple threshold (T) intensities for inducing anal sphincter twitching. AA irritation significantly (P Ͻ 0.01) reduced bladder capacity to 34.3 Ϯ 7.1% of the saline control capacity, while PNS at 2T and 4T significantly (P Ͻ 0.01) increased AA bladder capacity to 84.0 Ϯ 7.8 and 93.2 Ϯ 15.0%, respectively, of the saline control. Picrotoxin (0.4 mg it) did not change AA bladder capacity but completely removed PNS inhibition of AA-induced bladder overactivity. Picrotoxin (iv) only increased AA bladder capacity at a high dose (0.3 mg/kg) but significantly (P Ͻ 0.05) reduced 2T PNS inhibition at low doses (0.01-0.1 mg/kg). During saline cystometry, PNS significantly (P Ͻ 0.01) increased bladder capacity to 147.0 Ϯ 7.6% at 2T and 172.7 Ϯ 8.9% at 4T of control capacity, and picrotoxin (0.4 mg it or 0.03-0.3 mg/kg iv) also significantly (P Ͻ 0.05) increased bladder capacity. However, picrotoxin treatment did not alter PNS inhibition during saline infusion. These results indicate that spinal GABAA receptors have different roles in controlling nociceptive and nonnociceptive reflex bladder activities and in PNS inhibition of these activities. urinary bladder; neuromodulation; GABAA receptor; cat OVERACTIVE BLADDER (OAB), which is characterized by urgency with or without urge incontinence usually with frequency and nocturia (1), affects ϳ30 million people in United States (6). The etiology and pathophysiology of OAB are still unknown (22). However, it is known that reflex bladder activity is controlled by two distinct neural pathways (9): a spinobulbospinal micturition reflex pathway activated by nonnociceptive A␦ afferents and a spinal micturition reflex pathway activated by nociceptive C-fiber afferents (9, 10). Understanding these two micturition reflexes is important for developing new OAB treatments.
icant side effects such as dry mouth, constipation, and blurred vision (2, 5) . Therefore, FDA-approved sacral or tibial neuromodulation becomes an attractive option for OAB patients after the failure of pharmacotherapy (29, 34) . Recent clinical trials also showed that pudendal neuromodulation can be used to treat the OAB patients who are refractory to sacral neuromodulation (27, 28) . However, the mechanisms underlying neuromodulation of OAB are still uncertain.
Gamma-aminobutyric acid (GABA), which is a major inhibitory neurotransmitter at both spinal and supraspinal synapses (13, 18) , has been implicated in the control of micturition in animals. In cats application of GABA or GABA A receptor agonists by the intrathecal route (11) , iontophoretically to bladder parasympathetic preganglionic neurons in the sacral spinal cord (7), or by local injection into the pontine micturition center (19) inhibits preganglionic neuron firing and/or reflex bladder activity. Conversely, intrapontine administration of a GABA A receptor antagonist (bicuculline) facilitates bladder reflexes (19) . In rats intrathecal injection of a GABA A agonist also inhibits the micturition reflex (12, 15, 23) , and electrical stimulation of local interneurons elicits GABAergic inhibitory postsynaptic currents in parasympathetic preganglionic neurons (4) , indicating an inhibitory role of spinal GABA A receptors.
Because pudendal nerve stimulation (PNS) also elicits inhibitory postsynaptic potentials in bladder parasympathetic preganglionic neurons in the cat (8), we hypothesize that pudendal neuromodulation might inhibit bladder overactivity by stimulating spinal GABAergic inhibitory mechanisms. In this study using anesthetized cats, the bladder was distended with either saline to activate the nonnociceptive A␦-afferent fiber-mediated supraspinal micturition reflex or irritated with dilute (0.25%) acetic acid (AA) to activate the nociceptive C-fiber afferent-mediated spinal micturition reflex. PNS was applied to inhibit these reflexes and mimic pudendal neuromodulation. Picrotoxin (a GABA A receptor antagonist) was administered intravenously (iv) or intrathecally (it) to examine the role of GABA A receptors in PNS inhibition. Understanding neurotransmitter mechanisms involved in PNS inhibition could identify new molecular targets for pharmacological treatment of OAB or develop new neuromodulation therapies combined with pharmacological treatments.
MATERIALS AND METHODS
The Animal Care and Use Committee of University of Pittsburgh approved the protocol and animal use in our study.
Surgical procedure. Thirty-three cats (15 males and 18 females, 2.2-4.2 kg; Liberty Research, Waverly, NY) were used in this study. The animals were anesthetized with isoflurane (2-3% in oxygen) during surgery and then with ␣-chloralose anesthesia (initial iv dose of 65 mg/kg followed by 2 mg·kg Ϫ1 ·h Ϫ1 ) during data collection. Pancuronium (initial iv dose of 0.05 mg/kg followed by 0.05 mg·kg Ϫ1 ·h Ϫ1 ) was also given during data collection to prevent striated muscle contractions. Right and left cephalic veins were catheterized for intravenous administration of drugs and fluid. A tracheotomy was performed and a tube was inserted to keep the airway patent. A catheter was inserted into right carotid artery to monitor systemic blood pressure. Heart rate and blood oxygen were monitored by a pulse oximeter (9847V; NONIN Medical, Plymouth, MN) attached to the tongue.
Through an abdominal incision, the ureters were isolated and cut for external drainage. A double lumen catheter was inserted through the urethra into the bladder and secured by a ligature around the urethra. One lumen was connected to a pump to slowly (1-2 ml/min) infuse saline or 0.25% AA. The other lumen was attached to a pressure transducer to measure bladder pressure. The right pudendal nerve was dissected via a 3-to 4-cm incision in the sciatic notch lateral to the tail. A tripolar cuff electrode (NC223pt; MicroProbe, Gaithersburg, MD) was implanted around the pudendal nerve and connected to a stimulator (S88; Grass Medical Instruments, Quincy, MA) via a constant voltage stimulus isolator (SIU5; Grass Medical Instruments). In 10 cats, a small incision was made to remove the L3 spinal process and expose the spinal cord. Then, the spinal dura was pierced and a fine catheter (PE10) was inserted caudally underneath the dura to position the catheter tip at the level of S1 sacral spinal cord for intrathecal administration of picrotoxin. The location of the intrathecal catheter was confirmed by a postmortem laminectomy between the L5-S3 spinal processes. After the surgery, the skin and muscle layers were closed by sutures.
Stimulation protocol and drug administration. Uniphasic rectangular pulses (5-Hz frequency, 0.2-ms pulse width) were used to stimulate the pudendal nerve. The stimulation threshold (T), which was defined as the minimal intensity for inducing anal sphincter twitching, was determined before administration of pancuronium. PNS of multiple intensity thresholds (2T/4T) was used to inhibit bladder activity.
Initially cystometrograms (CMGs) were performed by slowly infusing the bladder with saline to determine the bladder capacity that is defined as the bladder volume threshold required to induce a micturition contraction of large amplitude (Ͼ30 cmH 2O) and long duration (Ͼ20 s). Multiple CMGs were performed to ensure reproducibility of the saline control capacity. Then, the animals were divided into two groups.
In the first group (n ϭ 13), repeated CMGs were performed with infusion of 0.25% AA to irritate the bladder, activate nociceptive bladder afferent C fibers, and induce bladder overactivity. When the bladder capacity stabilized, four CMGs were performed with AA infusion before administration of picrotoxin: 1) control CMG without PNS, 2) CMG during 2T PNS, 3) CMG during 4T PNS, and 4) control CMG without PNS to determine any poststimulation effect. The bladder was emptied at the end of each CMG, and a 3-to 5-min rest period was inserted between CMGs. After the predrug CMGs were performed, cumulative doses (0.01, 0.03, 0.1, and 0.3 mg/kg iv) of picrotoxin (Sigma-Aldrich, St. Louis, MO) were given in eight cats. Ten minutes after each dose of picrotoxin was administered, the four AA CMGs were again performed under the four conditions (control, 2T PNS, 4T PNS, and post-PNS control). In another five cats instead of intravenous administration, a single intrathecal dose (0.4 mg) of picrotoxin was given. Ten minutes after intrathecal injection, the four AA CMGs were performed again.
In the second group (n ϭ 20), repeated saline CMGs were performed to activate nonnociceptive A␦-afferent-initiated micturition reflexes. Before administration of picrotoxin, four saline CMGs were performed: 1) control CMG without PNS, 2) CMG during 2T PNS, 3) CMG during 4T PNS, and (4) control CMG without PNS to determine any poststimulation effect. Then, cumulative doses (0.01, 0.03, 0.1, and 0.3 mg/kg iv) of picrotoxin were given in 15 cats. Ten minutes after each dose of picrotoxin was administered, the saline CMGs were again performed under the four conditions (control, 2T PNS, 4T PNS, and post-PNS control). In another five cats, instead of intravenous administration, a single intrathecal dose (0.4 mg) of picrotoxin was given. Ten minutes after intrathecal injection, the four saline CMGs were performed again.
Data analysis. For each CMG bladder capacity was normalized to the initial saline control capacity in the same animal, which allowed for comparisons between animals. The bladder capacities were aver- aged for each condition and are reported with SE. Student's t-test or ANOVA followed by Dunnett or Bonferroni posttests was used to determine statistical significance (P Ͻ 0.05).
RESULTS

Effect of picrotoxin on PNS inhibition of nociceptive bladder overactivity.
After saline control CMGs, AA-induced bladder irritation significantly (P Ͻ 0.01) reduced bladder capacity to 34.3 Ϯ 7.1% (2.8 Ϯ 1.2 ml) of saline control capacity (8.3 Ϯ 1.3 ml; Fig. 1 ). PNS significantly (P Ͻ 0.01) inhibited bladder overactivity and increased capacity to 84.0 Ϯ 7.8% at 2T and 93.2 Ϯ 15.0% at 4T of saline control (T ϭ 1.1 Ϯ 0.2 V). Poststimulation AA control capacity was not different from prestimulation AA control demonstrating that there was no poststimulation effect (Fig. 1) .
Picrotoxin at low doses (0.01-0.1 mg/kg iv) significantly (P Ͻ 0.05) reduced the inhibition induced by 2T PNS but did not significantly change the inhibition elicited by 4T PNS (Figs. 2 and 3) . After the high dose of picrotoxin (0.3 mg/kg), which significantly (P Ͻ 0.05) increased AA control bladder capacity, neither 2T nor 4T PNS significantly increased bladder capacity. In another group of cats, intrathecal administration of picrotoxin (0.4 mg) did not change the AA control bladder capacity but completely eliminated the inhibition induced by both 2T and 4T PNS (Fig. 4) .
Effect of picrotoxin on PNS inhibition of nonnociceptive bladder activity. During saline distention, PNS significantly (P Ͻ 0.01) increased capacity to 147.0 Ϯ 7.6% at 2T and 172.7 Ϯ 8.9% at 4T of saline control (9.2 Ϯ 1.0 ml; Fig. 5 ). Poststimulation control capacity was not different from prestimulation saline control demonstrating that there was no poststimulation effect (Fig. 5) . Picrotoxin (iv) significantly (P Ͻ 0.05) increased the saline control bladder capacity at doses of 0.03-0.3 mg/kg (Figs. 6 and 7) . Bladder inhibition induced by either 2T or 4T PNS was unchanged (50 -80% increase in bladder capacity) after each dose of picrotoxin (Figs. 6 and 7) . Picrotoxin (0.4 mg it) also significantly (P Ͻ 0.05) increased the saline control bladder capacity and the inhibition induced by either 2T or 4T PNS was maintained (Fig. 8) .
DISCUSSION
This study in chloralose-anesthetized cats examined the role of spinal GABA A receptor inhibitory mechanisms in the regulation of the micturition reflex and in pudendal neuromodulation of the micturition reflex in normal bladders during saline CMGs and in irritated overactive bladders during AA CMGs. During saline CMGs administration (iv or it) of picrotoxin, a GABA A receptor antagonist, increased bladder capacity but did not alter the increase in bladder capacity elicited by 2T or 4T PNS (Figs. 7 and 8 ). On the other hand, in AA-irritated bladders picrotoxin in low intravenous doses (0.01-0.1 mg/kg) reduced 2T PNS inhibition or after an intrathecal dose (0.4 mg) suppressed both 2T and 4T PNS inhibition without altering the control bladder capacity (Figs. 3 and 4) . These results indicate different roles of spinal GABA A receptors in the control of the micturition reflex and in PNS inhibition in normal and irritated overactive bladders.
The effect of intrathecal (0.4 mg) or low intravenous doses (0.03-0.1 mg/kg) of picrotoxin to increase bladder capacity during saline CMGs was unexpected because blocking receptors for a major inhibitory transmitter would be expected to facilitate the micturition reflex. Indeed, injections of a GABA A receptor antagonist into the pontine micturition center (PMC) of cats (19, 25) or the periaqueductal gray (PAG) area in rats (30) reduces bladder capacity and/or increases the frequency of reflex activity. The opposite result in the present experiments after intrathecal or intravenous administration might have several explanations. First, the ascending limb of spinobulbospinal micturition reflex triggered by nonnociceptive A␦-afferent nerves might be tonically suppressed by a mechanism (inhibitory interneuron 6 in Fig. 9 ) that is in turn tonically suppressed by activation of GABA A receptors located at the synapse between neurons 5 and 6 in Fig. 9 . Blocking the latter with picrotoxin would remove the GABAergic control and enhance the inhibition of neuron 2 in the micturition reflex pathway by neuron 6 and thereby reduce excitatory input to the PMC and increase bladder capacity but not necessarily block the micturition reflex. It is known that the descending efferent limb of the spinobulbospinal micturition reflex pathway is inhibited at the spinal level by coactivation of glycinergic and GABAergic mechanisms (33); however, the effect of picrotoxin on bladder capacity in our study is not likely due to its action on the descending limb of the micturition reflex because this should increase the amplitude of bladder contractions rather than increase bladder capacity. The sensitivity of the spinobulbospinal pathway to the inhibitory effect of intravenous picrotoxin could also reflect the actions of the drug on other sites in the brain (Fig. 9 ) that modulate the PMC because injections of GABA into other pontine areas in cats can either excite or inhibit the bladder (26), indicating complex brain GABAergic mechanisms in micturition control.
The lack of effect of intrathecal (0.4 mg) or low intravenous doses (0.01-0.1 mg/kg) of picrotoxin on bladder capacity after AA irritation of the bladder suggests that the bladder reflexes triggered by nociceptive and nonnociceptive stimuli are mediated by distinct reflex pathways (spinal and spinobulbospinal, see Fig. 9 ) that are controlled by different inhibitory mechanisms. These data are consistent with previous conclusions regarding the existence of two micturition reflex mechanisms based on the differences in the effects of naloxone (an opioid receptor antagonist) (32) or MTEP (a metabotropic glutamate receptor-5 antagonist) (16) on reflex bladder activity elicited by nociceptive and nonnociceptive stimuli.
However, it is noteworthy that the largest intravenous dose of picrotoxin (0.3 mg/kg) did increase AA bladder capacity. Because this effect did not occur with intrathecal administration of a large dose of the drug, it is reasonable to conclude that it was due to an action of picrotoxin at sites in the brain (Fig.  9) , which influenced descending inputs to the sacral spinal cord.
The suppression by intrathecal or intravenous picrotoxin of 2T PNS inhibition of bladder overactivity induced by AA irritation (Figs. 3 and 4) and the resistance to picrotoxin of PNS inhibition of normal bladder reflexes during saline CMGs (Figs. 7 and 8 ) provide further evidence for the two distinct micturition reflex mechanisms. Furthermore, because PNS inhibition was eliminated by intrathecal picrotoxin during AA CMG (Fig. 4) , the inhibition must occur at the level of the spinal cord where the pudendal afferent input activates GABA A inhibitory interneuron (interneuron 1 in Fig. 9 ) to inhibit the excitatory interneuron (interneuron 3 in Fig. 9 ) in the bladder C-fiber afferent-mediated spinal micturition reflex pathway. However, because intrathecal picrotoxin did not alter bladder capacity in the absence of PNS (Fig. 4) , it is also reasonable to conclude that the putative inhibitory pathway is inactive in the absence of PNS and does not control gating of the micturition reflex under nociceptive conditions.
Although intrathecal administration of picrotoxin antagonized the inhibition of bladder overactivity induced by 2T and 4T PNS (Fig. 4) , intravenous administration of picrotoxin in doses (0.01-0.1 mg/kg) that antagonized 2T PNS-induced inhibition did not antagonize the inhibition elicited by 4T PNS (Fig. 3) . This difference between the sensitivity of 2T and 4T PNS to intravenous picrotoxin raises the possibility that the latter is mediated by a non-GABAergic inhibition. However, we believe that this is unlikely because intrathecal picrotoxin blocked the effect of both intensities of stimulation. Thus higher intravenous doses of picrotoxin might be necessary to block the inhibitory effect of more intense PNS. After the highest intravenous dose of picrotoxin (0.3 mg/kg), 4T PNS failed to significantly increase capacity (Fig. 3) suggesting that the inhibition was completely blocked. However, the interpretation of this result is complicated because this dose of picrotoxin alone significantly increased bladder capacity, which might simply occlude the response to PNS. However, when picrotoxin increased bladder capacity during saline CMGs, the 4T PNS still further increased bladder capacity, a finding that argues against the possibility of occlusion.
The role of central GABA A mechanisms in the control of nonnociceptive bladder activity has also been investigated in rats (3). GABA A agonists (it or icv) inhibited reflex bladder activity (12, 14, 15, 17) , while a GABA A antagonist (it) excited the bladder (12, 17, 23) . In addition, a GABA A agonist or antagonist injected into the PAG inhibited and excited, respectively, reflex bladder activity (30) . In the neonatal rat isolated spinal cord-bladder preparation, a GABA A antagonist also enhanced reflex bladder activity (31) . These results indicate that the central GABA A mechanisms mediate a tonic inhibition of nonnociceptive bladder activity in rats, which is different from the results in cats (Figs. 7 and 8) .
A previous study in rats showed that spinal GABA A receptors are involved in the rectal distention-induced inhibition of nonnociceptive bladder activity (24) . Rectal distention can activate the pudendal afferent nerve branch innervating the distal bowel and therefore might be expected to mimic the effects of PNS. Since our study in the cat failed to demonstrate a role of spinal GABA A receptors in PNS inhibition of nonnociceptive bladder activity, these data indicate either a difference in the activation of different pudendal afferent nerve branches or another difference between rats and cats.
However, there are also reports in rats showing that bicuculline (iv or icv) can produce variable responses including a transient inhibition of isovolumetric bladder contractions, a significant increase in bladder capacity, or no effect (14, 17, 21) . These variable responses might be due to variations in dosages or routes of administration in different studies. In addition, in rats a high intravenous dose of bicuculline can induce an initial excitation and/or convulsions lasting for 3-10 min followed by a prolonged (15-30 min) inhibition of neural activity (14, 17) . Hence, the different results between cats and rats might be due to studying the effects of the drug at different times after administration.
A comparison of the present findings with the results of previous studies of tibial nerve neuromodulation of bladder activity in the cat indicates that the mechanisms of neuromodulation of reflex bladder activity can vary markedly between different somatic afferent pathways. Opioid receptors play a major role in tibial neuromodulation of nociceptive bladder overactivity (32) but have no role in PNS inhibition of this activity (20) . Instead, spinal GABA A receptors play a key role in this type of PNS inhibition (Fig. 4) .
This study also revealed a differential role of spinal GABA A receptors in nociceptive and nonnociceptive bladder reflexes and PNS inhibition of these reflexes (Figs. 4 and 8) . A similar differential role of opioid receptors has also been observed with tibial neuromodulation of these bladder reflexes (32) . These results suggest a more general concept regarding the different role of neurotransmitter mechanisms in micturition control and in somatic neuromodulation. GABA A and opioid inhibitory mechanisms are tonically activated under normal (i.e., nonnociceptive) physiological conditions to either facilitate (Figs. 7 and 8 ) or suppress (32) the A␦-fiber afferentmediated spinobulbospinal bladder reflex. Therefore, somatic afferent neuromodulation of normal bladder activity does not use these mechanisms to inhibit the normal bladder reflex (Figs. 7 and 8 ) (32) . However, in a pathological condition after bladder irritation, GABA A and opioid inhibitory neurotransmitter mechanisms do not tonically regulate the nociceptive C-fiber afferent-mediated spinal reflex (Fig. 4) (32) . Therefore, these inhibitory neurotransmitter mechanisms can be recruited by PNS (Fig. 4) or tibial nerve stimulation (32) to induce an antinociceptive effect and correct the abnormal bladder overactivity.
This study in cats revealed an important role of spinal GABA A receptors in PNS inhibition of bladder overactivity. It also revealed a tonic facilitatory role of GABA A receptors in the control of normal bladder reflex activity. Understanding the neurotransmitter mechanisms involved in bladder reflexes and neuromodulation of these reflexes may identify molecular targets for new OAB therapies including the combination of drugs with neuromodulation to enhance the efficacy of treatments.
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